Nuclear egress of herpesvirus capsids is mediated by a conserved heterodimeric complex of two viral proteins, designated pUL34 and pUL31 in herpes simplex virus and pseudorabies virus (PrV). pUL34, a tail-anchored membrane protein, is targeted to the nuclear envelope and recruits pUL31 to the inner nuclear membrane (INM) to provide the docking and envelopment machinery for the nascent capsid. While the less conserved C-terminal part of pUL34 is required for correct positioning of the nuclear egress complex (NEC) at the INM, the conserved N-terminal part functions as a docking site for pUL31. Since no crystal structure of NEC is available yet, structure-function studies depend on mutational analyses, with several approaches already being performed for different herpesvirus NECs. Here, we extended our studies on PrV pUL34 and identified two asparagine residues (N75, N103) and a dileucine motif (LL166/167), adjacent to an endoplasmic reticulum retention signal, which are absolutely required for NEC function. While the pUL34 -N75A substitution mutant is unable to interact with pUL31, the pUL34 -N103A mutant is nonfunctional, despite continuing complex formation. Surprisingly, mutant pUL34 -G77A, which does not efficiently recruit pUL31 to the nuclear rim after cotransfection, nonetheless complements a UL34 deletion mutant, indicating that the NEC may be stabilized by additional viral factors during infection.
I
n herpesviruses, DNA replication and nucleocapsid formation occur in the host cell nucleus, while further virion maturation takes place in the cytosol. Thus, viral capsids have to cross the nuclear envelope (NE) to gain access to the final maturation compartment. In the meantime, it is well accepted that nuclear egress of herpesvirus capsids occurs by an envelopment-deenvelopment mechanism, in which capsids gain a transient lipid envelope by budding at the inner nuclear membrane (INM), resulting in primary enveloped virions being located in the perinuclear cleft. Subsequently, this primary envelope fuses with the outer nuclear membrane (ONM) or with the contiguous membrane of the endoplasmic reticulum (ER), resulting in the release of the capsids into the cytosol (1) . This process can be regarded as a vesicle (primary envelope)-mediated transport of cargo, represented by the capsid, which was long believed to be unique in cell biology. However, recent studies on the nuclear export of large ribonucleoprotein complexes in Drosophila revealed a similar transport mechanism, leading to the hypothesis that herpesviruses could have adopted this cellular process for their replication (2) (3) (4) . However, its molecular details remain enigmatic.
Nuclear egress of herpesvirus capsids is mediated by the nuclear egress complex (NEC), which is conserved within the Herpesviridae. It consists of a heterodimer of a type II membrane protein designated pUL34 in the prototypic alphaherpesvirus herpes simplex virus 1 (HSV-1) which interacts with nucleoplasmic pUL31. The NEC is important for efficient viral replication, and the absence of pUL31 and/or pUL34 leads to a drastic impairment of nuclear egress and of the formation of infectious progeny (5) (6) (7) (8) (9) (10) (11) . In transfected cells, the tail-anchored pUL34 is targeted to the NE, whereas pUL31 localizes diffusely throughout the nucleus.
During infection, pUL34 binds and recruits pUL31 to the INM. Subsequently, viral and cellular kinases are relocated, and these phosphorylate and thereby locally dissolve the nuclear lamina, so that intranuclear capsids can reach their budding sites at the INM (reviewed in references 2, 12, and 13). Interestingly, coexpression of pUL31 and pUL34 is sufficient to mediate the formation of primary envelopes without any additional viral factors (14, 15) . However, for efficient fusion of the primary vesicle with the ONM, other viral and probably also cellular factors are required, as evidenced by the accumulation of NEC-containing primary envelopes in the perinuclear space, which resemble the accumulations of primary enveloped virions in cells infected with mutants lacking or expressing an inactive pUS3 kinase (16, 17) .
Since no crystal structure of any herpesviral NEC has so far been obtained, elucidation of the molecular details of the pUL34-pUL31 interaction and NEC function continue to rely on random or targeted mutational analyses which were performed for several herpesvirus NECs (10, (18) (19) (20) . Deletion/substitution analyses performed on the C terminus of pUL34 homologs comprising the transmembrane domain (10, 18, (20) (21) (22) revealed that this part is not required for pUL31 interaction but serves to anchor the protein to the nuclear membrane. The N-terminal part of pUL34 homologues shows significantly higher amino acid conservation within the Herpesviridae (10, (18) (19) (20) , and the interaction domain with the pUL31 homologues was mapped to this region (10, 19, 23, 24) . In pseudorabies virus (PrV), this interaction domain was delineated by N-terminal truncations and C-terminal substitutions/deletions to amino acids (aa) 5 to 161 (20) . For further characterization of NEC formation, several mutational analyses within the interaction domain of pUL34 homologs revealed specific residues required for interaction and function during viral replication. In HSV-1, clusters of charged amino acids were mutagenized (18) . The murine cytomegalovirus (MCMV) pUL34 homolog, M50, was analyzed using random transposon mutagenesis (10), whereas site-directed mutagenesis was performed on the human cytomegalovirus (HCMV) pUL50 (19) . Interestingly, in all mutational analyses of pUL34 homologs in HSV-1, HCMV, MCMV, and PrV, a conserved pair of amino acids consisting of a glutamic acid and tyrosine (EY motif; E53 and Y54 in PrV) was shown to play a crucial role for function (10, (18) (19) (20) . In addition, mutation of an RQR motif present in PrV pUL34 (aa 173 to 175), which was originally suggested to be an INM-targeting signal (25, 26) but more likely constitutes an ER retention signal, resulted in partial localization of pUL34 in the Golgi apparatus (20) . Like the classical arginine-based ER retention signals for membrane proteins, this RQR is surrounded by a putative phosphorylation site and a characteristic dileucine motif (27) (Fig. 1) .
In order to identify further residues within the N-terminal part of PrV pUL34 important for pUL31 interaction and NEC targeting and function, we extended our site-directed mutagenesis to 13 additional conserved amino acids within pUL34. This study identifies two asparagine residues (N75, N103) which, like the EY motif, are essential for pUL34 function. Mutation of the dileucine motif which separates the conserved N-terminal pUL31 interaction domain from the variable C-terminal membrane anchor region also abolished NEC function, despite unimpaired complex formation.
In addition to its function during nuclear egress, pUL34 also seems to be involved in direct viral cell-to-cell spread (20, 22, 28) . However, although it was speculated that pUL34 affects trafficking of glycoprotein gE to cellular junctions, the molecular details remain elusive (28) . To clarify the putative role of pUL34 in direct cell-to-cell transmission, we also analyzed pUL34 mutant-expressing cells for their capacity to complement plaque formation of our PrV pUL34 deletion mutant. Surprisingly, except for one protein, all mutant polypeptides, including those which quite efficiently supported replication of PrV-⌬UL34, showed a significant reduction in plaque size.
MATERIALS AND METHODS

Cells and viruses.
Rabbit kidney (RK13) cells were cultivated in Dulbecco's modified Eagle's minimum essential medium supplemented with 10% fetal calf serum. The wild-type PrV strain Kaplan (PrV-Ka) (29) was propagated on RK13 cells, while PrV-⌬UL34 and PrV-⌬UL34/US3, which express green fluorescent protein (GFP) instead of either UL34 or US3, respectively, were grown on RK13-UL34 cells as described previously (5, 16) .
Generation of pUL34 mutants and stably expressing cell lines. Sitedirected mutagenesis was performed as described recently (20) using a QuikChange II XL site-directed mutagenesis kit (Agilent Technologies). Plasmid DNA carrying UL34 (pcDNA-UL34) (5) served as the template, and the mutant primers used are listed in Table 1 (only the forward primers are given, but they were used in combination with reverse complemen-
FIG 1
Amino acid sequence of PrV pUL34. Conserved amino acids (20) within the N terminus were mutagenized to alanine (highlighted by boxes). The pUL31 interaction domain is underlined, and the predicted transmembrane region is shaded. The complementation indexes for PrV-⌬UL34 by the cell lines expressing the mutated proteins are also given as ϩϩϩ, ϩϩ, ϩ, or Ϫ, as defined in footnote b of Table 2 . tary sequences). All constructs were verified by restriction enzyme cleavage and sequencing (data not shown). For generation of cell lines stably expressing the pUL34 mutants, RK13 cells were transfected with the pcDNA-UL34 constructs by calcium phosphate precipitation (30) . After transfection, cells were selected in medium containing 0.5 mg/ml G418 (Invitrogen), and resistant clones were picked by aspiration. pUL34 expression was tested by Western blot analysis and immunofluorescence using polyclonal monospecific rabbit serum specific for PrV pUL34 (5) .
Western blot analysis. Western blot analysis was performed on cells expressing the pUL34 mutants by scraping the cells into medium and centrifugation. The cell pellets were washed twice with phosphate-buffered saline (PBS), resuspended in sodium dodecyl sulfate (SDS) sample buffer, and disrupted by supersonic lysis. Proteins were separated on an SDS-10% polyacrylamide gel. After transfer onto a nitrocellulose membrane, the blot was incubated with the PrV pUL34-specific polyclonal rabbit antiserum (5). Bound antibody was detected by peroxidase-coupled goat anti-rabbit antibody and visualized by enhanced chemiluminescence (Super Signal West Pico; Thermo Scientific). Images were recorded in an image analyzer (Bio-Rad).
Laser scanning confocal microscopy. To analyze the localization and colocalization of mutated pUL34 with pUL31, RK13 cells were transfected with pcDNA3 constructs containing the corresponding genes for pUL31 or the pUL34 mutants. To investigate the colocalization of both proteins during infection, transgenic RK13-UL34 cell lines were infected in 6-well culture plates with PrV-Ka, PrV-⌬UL34, or PrV-⌬UL34/US3 under plaque assay conditions (300 PFU). Cells were fixed with 3% paraformaldehyde 2 days after transfection and labeled with polyclonal rabbit antipUL31 (8) and mouse anti-pUL34 (14) sera, which were diluted 1:500 and 1:300, respectively, in PBS. After incubation at room temperature for 1 h, bound antibody was detected with Alexa Fluor 488 goat antirabbit and Alexa Fluor 561 goat anti-mouse (Invitrogen) antibodies. In samples where GFP-expressing mutant viruses were used, the Alexa Fluor 634 anti-rabbit antibody (Invitrogen) was applied to detect bound antipUL31 antibodies. All secondary antibodies were diluted 1:1,000 in PBS. Fluorescence images were recorded with a laser scanning confocal microscope (SP5; Leica, Mannheim, Germany).
Complementation assays. To test for functional complementation, cell lines expressing wild-type or mutant pUL34 were infected with PrV-Ka or PrV-⌬UL34 at a multiplicity of infection (MOI) of 3. After 1 h at 4°C, the inoculum was replaced by prewarmed medium and the cells were incubated at 37°C for an additional hour. Extracellular virus was inactivated by low-pH treatment (31) . At 24 h after infection, cells and supernatant were harvested and progeny virus was titrated on RK13-UL34 cells. The mean values of three independent experiments were calculated and plotted with the corresponding standard deviations. The complementation index (CI) was calculated as the ratio of the titer of PrV-⌬UL34 and PrV-Ka on a given cell line and normalized to the ratio of PrV-⌬UL34/PrV-Ka on RK13-UL34 cells. The statistical significance of differences between PrV-Ka and PrV-⌬UL34 was evaluated by Student's t test.
To investigate the role of pUL34 mutants in viral cell-to-cell spread, transgenic cell lines were infected with PrV-Ka or PrV-⌬UL34 under plaque assay conditions and fixed with 5% formaldehyde 2 days after infection. The diameters of 30 plaques each were measured microscopically, and the plaque diameters of PrV-⌬UL34-infected samples were compared to those of PrV-Ka-infected plaques, which were set to 100%. The statistical significance of the differences between infection with PrV-Ka and PrV-⌬UL34 was evaluated by Student's t test.
Electron microscopy. Cell lines expressing wild-type pUL34 or pUL34 -N75A, -G77A, -N103A, -L116A, -P132A, -L167A, and -L166/ 167A were infected with PrV-⌬UL34 at an MOI of 1. At 1 h after infection, the inoculum was replaced by fresh medium, and at 16 h after infection, cells were fixed and processed for electron microscopy as described previously (5).
RESULTS
Mutation of residues within the pUL31 interaction domain of PrV pUL34. We showed recently that the pUL31 interaction domain is contained within amino acids 5 to 161 of PrV pUL34 (20) . Several amino acids which are conserved throughout the Herpesviridae can be identified in this region (19, 20) . Recently, we showed that three conserved cysteine residues within this region could be functionally replaced by alanine, whereas the diresidue motif EY at positions 53 and 54 was crucial for interaction and function (20) . To further identify essential amino acids within the pUL31 binding domain, 13 additional point mutations of conserved residues were generated (Fig. 1, boxed amino acids) .
Localization and pUL31 interaction of mutant pUL34 after transient expression. In transfected cells, all pUL34 mutants showed wild-type-like nuclear rim staining, indicating that none of the mutations interfered with targeting to the nuclear envelope (data not shown). After cotransfection with a pUL31 expression plasmid, pUL34 mutants pUL34 -L56A, -V80A, -P89A, -N103A, -L116A, -K123A, -P132A, -R144A, and -L167A and the double dileucine mutant pUL34 -L166/167A were able to induce speckles ( Fig. 2; Table 2 ), i.e., accumulations of vesicles in which both proteins colocalize, reflecting successful pUL31 interaction (14) . pUL34 -N75A and pUL34 -G77A failed to efficiently relocate pUL31, as evidenced by the diffuse nucleoplasmic staining of pUL31. This was also the case for cells cotransfected with pcDNA-UL34 -L106A, but the detected amount of this mutated pUL34 was low, indicating either inefficient expression or instability of the protein. In summary, 10 of the 13 tested pUL34 mutants colocalized with pUL31 in the typical speckled pattern at the NE, indicating that they are able to interact with pUL31.
Functional complementation by cell lines stably expressing mutated pUL34. We next tested which of the pUL34 mutants were able to form a functional NEC and complement the defect of PrV-⌬UL34. To this end, cell lines stably expressing the mutated pUL34 were generated after transfection of RK13 cells and selection with G418. To verify correct protein expression, Western blot analysis was performed with cell lysates of the respective cell lines (Fig. 3) . With the exception of RK13-UL34 -L106A, all cell lines expressed pUL34 at levels comparable to the level of expression by RK13-UL34. Only a faint pUL34-specific signal was detectable in cell lysates of RK13-UL34 -L106A, paralleling the results from transient-expression analyses. Therefore, this construct was excluded from further analyses.
To test whether the pUL34 mutants were able to complement the defect of PrV-⌬UL34, the corresponding cell lines were infected with wild-type PrV-Ka or PrV-⌬UL34 at an MOI of 3, titers were determined after 24 h by titration on RK13-UL34 cells (Fig.  4) , and the complementation index (CI) was calculated ( Table 2 ). The proline substitution mutants pUL34 -P89A and pUL34 -P132A complemented PrV-⌬UL34 to titers similar to those of the wild type or decreased a maximum of 10-fold compared to the titer of the wild type. Infectious progeny titers derived from RK13-UL34 -V80A, -K123A, -R144A, and -L167A cells were reduced approximately 50-to 100-fold. Progeny virus titers obtained from RK13-UL34 -L56A and -L116A cells were even more drastically decreased, but they were still ca. 10-fold higher than those obtained from nontransfected RK13 cells, indicating a limited residual capacity for complementation. RK13-UL34 -N75A, RK13-UL34 -N103A, and RK13-UL34 -L166/167A cells completely failed to produce titers above those from nontransgenic RK13 cells, demonstrating that they were nonfunctional. This was expected for RK13-UL34 -N75A cells, since this protein failed to interact with pUL31. In contrast, despite a clear colocalization of pUL34 -N103A with pUL31 (Fig. 2) , the corresponding cell line failed to complement the defect of PrV-⌬UL34. On the other hand, viral progeny titers from infected RK13-UL34 -G77A cells were only 50-fold lower than those from infected RK13-UL34 cells, although after transient expression, no interaction with pUL31 was detectable (Fig. 2) . No significant difference in viral titers was found when PrV-Ka was propagated on the different pUL34 mutant-expressing cell lines, demonstrating that none of the mutant proteins exerted a dominant negative effect.
To investigate the phenotype of pUL34 -G77A and pUL34 -N103A in more detail, the respective cell lines, as well as RK13, RK13-UL34, and RK13-UL34 -N75A cells as controls, were infected with PrV-⌬UL34/US3 and analyzed for colocalization of pUL31 and pUL34 by confocal microscopy (Fig. 5) . A double deletion mutant, which was unable to express pUL34 and pUS3, was used to better visualize the formation of speckles which accumulate in the absence of the viral kinase pUS3 (16, 17) . Colocalization of pUL34 and pUL31 in speckles was evident, as expected, after infection of RK13-UL34 cells but also after infection of RK13-UL34 -G77A cells, indicating that complex formation between pUL34 -G77A and pUL31 can occur during virus infection, probably by providing factors stabilizing the complex. Speckle formation and pUL31 colocalization were absent after infection of parental RK13 cells (data not shown) and RK13-UL34 -N75A cells (Fig. 5) . Unexpectedly, it was also missing in RK13-UL34 -N103A cells, although cells with pUL34 -N103A showed speckle formation and pUL34 -N103A interacted with pUL31 after transient expression (compare Fig. 2 and 5) .
Ultrastructural analyses. For further analysis, RK13-UL34 and RK13-UL34 -N75A, -G77A, -N103A, -L116A, -P132A, -L167A, and -L166/167A cells were infected with PrV-⌬UL34 at an MOI of 1 and processed for transmission electron microscopy at 16 h after infection. Infected RK13-UL34 cells (Fig. 6A) served as a positive control. Immature capsid forms and DNA-filled nucleocapsids were observed in the nucleus as well as nucleocapsids cells were cotransfected with the corresponding expression plasmids. Colocalization was studied using the monospecific murine anti-pUL34 (red) and rabbit anti-pUL31 (green) sera. Images were recorded by confocal laser scanning microscopy (Leica SP5). Speckles seen after coexpression of native pUL34 and pUL31 reflect the interaction of both proteins and the formation of primary envelopes (14) , while diffuse nucleoplasmic pUL31 staining is due to failure of pUL31 recruitment. ␣, anti. Bars, 10 m. in the cytosol and mature virions at the cell surface. The same was observed for infection of transgenic RK13-UL34 -G77A, -L116A, -P132A, and -L167A cells (Fig. 6B to E) . In contrast, RK13-UL34 -N75A, -N103A, and -L166/167A cells ( Fig. 6F to H) resembled nontransgenic RK13 cells, with capsids being present only in the nucleus. No budding stages at the INM or primary enveloped virions were observed in the perinuclear space, and capsids and virions were not observed in the cytosol or in the extracellular space, indicating that these pUL34 mutants do not support nuclear egress. Unfortunately, no differences between the pUL34 variants which were still able to interact with pUL31 (pUL34 -N103A, pUL34 -L166/167A) and the noninteracting mutant pUL34 -N75A were evident in the ultrastructural analysis. Influence of pUL34 mutations on viral cell-to-cell spread. Previous experiments on HSV-1 and PrV indicated that pUL34 might play a direct or indirect role in viral replication beyond nuclear egress (20, 22, 28) . To investigate this further, transgenic cell lines expressing the mutated pUL34 constructs were infected with PrV-Ka and PrV-⌬UL34 under plaque assay conditions. Plaque diameters were measured microscopically 2 days after infection in three independent experiments and compared to those of PrV-Ka on the corresponding cell line. Except for RK13-UL34 -P132A, the plaque diameters of PrV-⌬UL34 on all transgenic cells lines were 60 to 80% smaller than those of PrV-Ka (Fig. 7) . This was not expected for mutants pUL34 -V80A, -P89A, -K123A, and -R144A or mutants with cysteine substitutions, pUL34 -C67A and pUL34 -C141A, as shown previously (20) , which replicated the UL34 deletion mutant to only slightly reduced viral titers compared with those for PrV-Ka. These data provide additional evidence that pUL34 plays a role in the efficiency of transfer of infec- PrV-Ka or PrV-⌬UL34 at an MOI of 3. Viral progeny was harvested at 24 h after infection, and the corresponding titers were determined by titration on RK13-UL34 cells. The mean values of three independent experiments and the corresponding standard deviations are given. Statistically significant differences between the titers of infection with PrV-Ka and PrV-⌬UL34 of each transgenic cell line are indicated: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. tivity to neighboring cells independent of its role in nuclear egress. A summary of the results is shown in Table 2 .
DISCUSSION
In our previous study, we focused on three conserved cysteine residues which might influence the secondary structure of pUL34. However, mutations of these residues had only a moderate effect. In contrast, a highly conserved EY motif in PrV pUL34 was shown to be essential for NEC function, as had been demonstrated for the HCMV, MCMV, and HSV-1 homologs (10, 18, 19) . We have now extended our mutational analysis to 13 additional conserved amino acids within the pUL31 interaction domain and the dileucine motif located outside but in the vicinity of the putative ER retention signal RQR, which was suggested to be relevant for correct targeting of pUL34 (20) . All mutated pUL34 constructs were analyzed for interaction with pUL31 after transient transfection and for function after PrV-⌬UL34 infection of stably expressing cell lines.
All mutants described here localized to the nuclear rim, confirming that the N-terminal region does not seem to be involved in proper targeting. After cotransfection with a pUL31-expressing plasmid, most of the expressed mutant pUL34 proteins showed punctate, speckled structures at the nuclear rim comparable to those detectable after expression of the native proteins, indicating that the mutated amino acids are not necessary for pUL34 targeting, complex formation with pUL31, or, probably, the formation of NE-derived vesicles. Despite high expression levels, pUL34 -N75A and pUL34 -G77A failed to recruit coexpressed pUL31 to the NE. These residues are part of a conserved triad of amino acids which also includes a threonine residue (75-NTG-77). It might be speculated that this NTG motif and the essential upstream EY (53/54) motif form the major platform for pUL31 docking in PrV pUL34. pUL34 -L106A did not show pUL31 recruitment either but was excluded from further analyses due to very low expression levels. In summary, 10 of the 13 tested PrV pUL34 mutants maintained an interaction with pUL31.
Six of the 10 pUL34 mutants which formed a complex with pUL31 after transient expression complemented the defect of the pUL34 deletion mutant to some extent. While RK13-UL34 -P89A and -P132A complemented expression to wild-type levels, the titers of PrV-⌬UL34-infected RK13-UL34 -V80A, -K123A, and -R144A cells were reduced a maximum of 100-fold, while those derived from RK13-UL34 -L56A and -L116A cells were only slightly above the titers of infected RK13 cells. In contrast, RK13-
FIG 5
Colocalization of pUL31 and pUL34 -N75A, pUL34 -G77A, and pUL34 -N103A in infected cells. To further investigate the divergent results obtained with pUL34 -G77A and pUL34 -N103A, the corresponding cell lines were infected with PrV-⌬UL34/US3 under plaque assay conditions. Two days after infection, cells were fixed, and colocalization of pUL31 and pUL34 was analyzed using monospecific pUL31 rabbit (turquoise) and pUL34 mouse (red) antisera. RK13-UL34 cells were used as a positive control, and RK13-UL34 -N75A cells were used as a negative control. ␣, anti; arrow, speckle formation in infected RK13-UL34 -G77A cells. Bars, 10 m. UL34 -N75A cells yielded very low titers similar to those of nontransgenic RK13 cells. Despite the use of high-resolution transmission electron microscopic images, no further conclusions on the different complementation abilities could be drawn. Surprisingly, pUL34 -N103A was unable to complement the defect of PrV-⌬UL34, despite speckle formation indicative of pUL31 interaction after cotransfection. Since no pUL34/pUL31-positive speckles were found after infection of pUL34 -N103A-expressing cells with PrV-⌬UL34/US3 and no cytosolic nucleocapsids or mature virions could be detected in ultrastructural analyses, the pUL34 -N103A/pUL31 complex may either not form or be unstable during infection. In contrast, complex formation could not be observed after transient coexpression of pUL34 -G77A with pUL31, whereas the cell line stably expressing pUL34 -G77A complemented the defect of PrV-⌬UL34 to titers only approximately 50-fold lower than those of PrV-Ka, and nucleocapsids as well as mature virions were detectable in the cytosol in electron microscopic images. These data indicate that NEC formation may be influenced by other viral components besides the core NEC constituents.
While amino acids corresponding to P89 and K123 of PrV pUL34 were also found to be dispensable in HCMV UL50 (19) , the roles of L116 and R144 were divergent. Whereas the residue corresponding to L116 could also be replaced in HCMV M50 (19) , insertion of a linker in MCMV M50 at a site immediately preceding this residue resulted in a nonfunctional protein (10) . It should be considered, however, that insertion of 6 amino acids by the transposon linker sequence might influence the protein structure more dramatically than a single amino acid substitution, and the results are therefore difficult to compare. On the other hand, the arginine corresponding to PrV pUL34 -R144 was found to be exchangeable in HCMV M50 (19) and also had no relevance for pUL31 interaction or complementation in PrV (this study), while a charge cluster mutation including this residue (RMPR/AMPA; CL13) abrogated complementation by HSV-1 pUL34 (18) . However, it was not further investigated whether a single alanine substitution would also result in a loss of function.
Since it has been proposed that pUL34 plays an additional role beyond nuclear egress affecting direct viral cell-to-cell spread (20, 22, 28) , the transgenic pUL34 cell lines generated in this study were infected with PrV-Ka and PrV-⌬UL34, and plaque diameters were determined 2 days after infection. Surprisingly, except for pUL34 -P132A, all tested cell lines supported cell-to-cell transmission of PrV-⌬UL34 with decreased efficiency. This also applied to those transgenic cell lines which complemented the production of infectious progeny of PrV-⌬UL34 rather efficiently. Although it has been proposed that HSV-1 pUL34 may influence targeting of gE to cell junctions, which might be a prerequisite for efficient cell-to-cell spread (28), this could not be shown for PrV (data not shown). Unfortunately, transmission electron microscopy did not provide further evidence of this defect. Therefore, it remains unclear which factors are involved or influenced directly or indirectly by pUL34 in direct herpesvirus cell-to-cell spread.
The dileucine motif L166/167 was speculated to be part of an arginine-based ER sorting motif (RQR) (20) . Therefore, we mutated either the more highly conserved L167 or both leucine residues to alanine. Although a point mutation of RQR to RQG resulted in pUL34 accumulation in the Golgi apparatus (20) , localization of pUL34 -L167A or -L166/167A was indistinguishable from that of native pUL34, indicating that these residues are not required for nuclear rim localization or ER retention. Moreover, speckles could be observed after cotransfection with pUL31, correlating with the location of both residues outside the pUL31 interaction domain. Nevertheless, mutation of both leucine residues had a dramatic effect on NEC function, and RK13-UL34 -L166/L167A cells completely failed to complement the UL34 deletion mutant, while the single mutation L167 had no effect. Therefore, this motif is apparently not involved in the proper translocation of pUL34 to the INM, as was previously hypothesized (20) , but, rather, plays an important role in another step, e.g., in capsid recruitment or interaction with other factors involved in nuclear egress. Whether the L166A substitution is sufficient for this effect needs to be tested. Interestingly, both leucine residues are also present in MCMV and HCMV pUL34 homologs (10, 19) , and a linker insertion at the corresponding site in MCMV UL50 also resulted in a nonfunctional protein. Thus, the location of the dileucine motif seems to separate the essential N-terminal
FIG 7
Complementation of direct cell-to-cell transmission. Direct viral cell-to-cell spread was analyzed by infecting the different pUL34-expressing RK13 cell lines with PrV-Ka or PrV-⌬UL34 under plaque assay conditions. After 2 days, samples were fixed and the diameters of 30 plaques of each cell line and virus were measured. Plaque diameters of PrV-Ka on a given cell line were set equal to 100%, and the diameters of the plaques induced by PrV-⌬UL34 were calculated accordingly. Values represent the means of three independent experiments. The corresponding standard deviations are indicated, and statistically significant differences of the infection with PrV-⌬UL34 compared to wild-type PrV-Ka infection of each transgenic cell line are indicated: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. pUL31 interaction domain from the replaceable C-terminal anchor domain.
In summary, our mutational analyses provide additional information on the role of different conserved amino acid residues of pUL34 in NEC formation and function. Together with the elucidation of the NEC structure, these data are crucial to further define the structure-function relations within the NEC and contribute to understanding vesicle-mediated nuclear egress.
